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Reactor S t r a t e q i e s  and t h e  Enerqv C r i s i s *  
Wolf Hafele and W. Schikorr** 
1. I n t r o d u c t i o n  and H i s t o r i c a l  Review 
Reactor s t r a t e g i e s  a s  a  r e s e a r c h  t o p i c  came up i n  t h e  
e a r l y  s i x t i e s .  A t  t h a t  t i m e  l i g h t  water  r e a c t o r s  (LWR), heavy 
wa te r  r e a c t o r s ,  advanced thermal r e a c t o r s ,  and b reeders  were 
under development, and it was n o t  obvious what t h e i r  r e l a t i v e  
r o l e  i n  s a t i s f y i n g  a  g iven demand of  e l e c t r i c i t y  would be .  
I n  c e r t a i n  q u a r t e r s ,  f o r  i n s t a n c e ,  t h e r e  was a  s t r o n g  f e e l i n g  
t h a t  an  in te rmedia te  r e a c t o r  genera t ion  would be  requ i red  t o  
b r i d g e  a  gap t h a t  was f e l t  t o  be between t h e  c a p a b i l i t i e s  of 
l i g h t  water  r e a c t o r s  and t h a t  of b reeder  r e a c t o r s .  The heavy 
water r e a c t o r ,  t h e  s p e c t r a l  s h i f t  r e a c t o r ,  and sometimes t h e  
high temperature  gas cooled r e a c t o r  (HTGR) were, among o t h e r s ,  
considered t o  be cand ida tes  f o r  such an in te rmedia te  func t ion .  
Along wi th  it  went a  r e f l e c t i o n  on t h e  d e s i r e d  parameters of 
f a s t  b reeder  r e a c t o r s  (FBR). Along t h e s e  l i n e s  a  t r a d i t i o n a l  
a t t i t u d e  was p r e v a i l i n g  by asking only  f o r  s h o r t  doubling 
t imes  of such FBR's. The scheme of  a  doubl ing time was 
in t roduced  by t h e  e a r l y  p ioneers  a t  Argonne Nat ional  Laboratory 
and elsewhere.  They were under t h e  impression of  f a i r l y  
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l i m i t e d  uranium resources .  I n  t h e  e a r l y  s i x t i e s  it was c l e a r ,  
however, t h a t  t h e  uranium resources  would be  by no means s o  
l i m i t e d  a s  it was o r i g i n a l l y  assumed i n  t h e  l a t e  f o r t i e s .  
Never theless ,  t h e  concept o f  doubl ing t ime p reva i l ed .  The 
doubl ing t ime is  t h e  t ime dur ing  which a  f a s t  b reeder  r e a c t o r  
(sometimes a  f a s t  b reeder  popula t ion i s  considered i n s t e a d )  
has  produced,  by v i r t u e  of  i t s  breeding qa in ,  t h e  amount of  
f i s s i o n a b l e  m a t e r i a l  t h a t  e q u a l s  i ts  inventory  of such 
f i s s i o n a b l e  m a t e r i a l .  A second b reeder  r e a c t o r  t h u s  can be p u t  
i n t o  opera t ion ,  and t h e  o r i g i n a l  b reeder  h a s  double?. For t h e  
doubling t ime one f i n d s  t h e  fo l lowing r e l a t i o n :  
The doubl ing t ime h e r e  r e f e r s  on ly  t o  t h e  i n p i l e  
inven to ry  of one b reeder  r e a c t o r .  
TD = doubling t ime i n  days , 
b = r a t i n g  i n  MWth/kg f i s s  , 
oc oc = (n ,y)  c r o s s  s e c t i o n  a = -  
of ' of = f i s s i o n  c r o s s  s e c t i o n  
BR = breeding r a t i o  , 
K = load f a c t o r .  
Only t h e  product of  r a t i n g  and breeding r a t i o  minus one 
c h a r a c t e r i z e s  t h e  doubling t ime. One must, however, 
r e a l i z e  t h a t  t h e  concept of  doubling t ime r e f l e c t s  on 
b reeder  s e l f  m u l t i p l i c a t i o n .  While t h i s  is  s t i l l  the pre- 
v a i l i n g  concept i n  t h e  USSR, t h e  s i t u a t i o n  is d i f f e r e n t  i f  
a  genera t ion  of thermal r e a c t o r s  is  used t o  provide  t h e  
f i s s i o n a b l e  m a t e r i a l  f o r  t h e  f i r s t  co re  inventory  of f a s t  
b reeder  r e a c t o r s .  I n  such a s i t u a t i o n  t h e  r o l e  of  f a s t  
b reeder  bu i ldup  is: 
dP 1 
3,-b , 
d t  M core  
where 
PB = i n s t a l l e d  f a s t  b reeder  c a p a c i t y  , 
M core  = 1st c o r e  inventory  of f i s s i o n a b l e  m a t e r i a l  . 
Rela t ion  ( 2 )  is  v a l i d  because i n  l a r g e  enough r e a c t o r s  
t h e  f i r s t  co re  inventory  is determined by t h e  requ i red  power 
o u t p u t  of a r e a c t o r  and t h e  t e c h n o l o g i c a l l y  f e a s i b l e  power 
r a t i n g :  
M c o r e  = Q i; (Kg) . ( 3 )  
Q is  t h e  requ i red  power ou tpu t  i n  MWth. I t  is t h e r e f o r e  no 
longer  t h e  product of  b (BR - 1 1 ,  b u t  t h e  r a t i n g  b a lone t h a t  
governs t h e  r o l e  of  b reeder  bui ldup.  
Along such l i n e s ,  F.R. D i e t r i c h  [l] s t u d i e d  t h e  i n t e r -  
p lay  of thermal r e a c t o r s ,  advanced c o n v e r t e r s ,  and f a s t  
b reeders .  He considered,  among o t h e r  parameters ,  i n  p a r t i c u l a r  
t h e  amount of  n a t u r a l  uranium t h a t  would be  r e q u i r e d  u n t i l  a  
popu la t ion  of f a s t  b reeders  a lone  can s a t i s f y  t h e  e l e c t r i c a l  
power demand. I f  t h a t  s i t u a t i o n  has  been reached,  t h e  supply  
of n a t u r a l  uranium a s  t h e  f u e l  f o r  such a popu la t ion  of  f a s t  
b reeder  r e a c t o r s  only  is  no lonqer  a problem. For f a s t  b reeders  t h e  
u t i l i z a t i o n  of a g iven amount of  n a t u r a l  uranium i s  b e t t e r  
by a f a c t o r  of  50-80 i f  compared w i t h  a thermal  r e a c t o r .  
For t h i s  very reason t h e  f r a c t i o n  of  t h e  e l e c t r i c i t y  gener- 
a t i n g  c o s t s  t h a t  goes i n t o  t h e  p rov i s ion  o f  uranium o r e  is  
extremely low, about 1°/oo. Therefore ,  even extreme o r e  
p r i c e s  can be a f fo rded .  Consequently v a s t  amounts of  low 
grade uranium become a c c e s s i b l e ,  and t h e  amount o f  energy 
6 t h a t  i s  s o  a v a i l a b l e  is  t h e  o r d e r  of 10 Q (1 Q z 1018 BTU 
7 
o r  3.35 10  MW year )  12, 31. 
S h o r t l y  a f t e r  D i e t r i c h ' s  paper ,  it was t h e  Report t o  
t h e  P r e s i d e n t  [41 and i t s  d i s c u s s i o n  dur ing  t h e  Th i rd  Geneva 
Conference (1964) t h a t  f u r t h e r  in t roduced  t h e  r e s e a r c h  t o p i c  
of r e a c t o r  s t r a t e .&ies .  A t  t h e  same t i m e  it was R. Gibra t  [51 
who s t u d i e d  t h e  coupl ing between thermal r e a c t o r s  and f a s t  
b reeders  by a t r a n s p a r e n t  and simply a n a l y t i c a l  model t h a t  
very  much helped t o  understand t h e  mechanisms involved.  
Other au thors  followed [6, 71. A major s tudy  was p resen ted  
by t h e  Nuclear Research Center of Kar lsruhe [8]. The 
Kar l s ruhe  i n v e s t i g a t i o n s  came t o  a p re l iminary  end i n  a 
paper  by P.  Jansen [9]. A comprehensive model f o r  t h e  supply 
of e l e c t r i c a l  energy by both  nuc lea r  and f o s s i l  power p l a n t s  
was p resen ted  by Harde and Memmert [lo] . A more comprehensive 
review of  t h e  work i n  Germany is  given by H.F. Zech dur ing  
t h i s  conference .  
A s  t h e  r e sea rch  on r e a c t o r  s t r a t e g i e s  evolved,  it 
became more and more obvious t h a t  t h e  c o n s i d e r a t i o n  o f  t h e  
consumption o f  n a t u r a l  uranium se rved  a s  a  h e u r i s t i c  
p r i n c i p l e  on ly ;  more and more c o n s i d e r a t i o n s  o f  t h e  amount 
o f  r e q u i r e d  s e p a r a t i v e  work, t h e  t iming  f o r  t h e  r e l a t e d  f u e l  
c y c l e s ,  and,  above a l l ,  c o s t  b e n e f i t  r a t i o s  [ll] come t o  t h e  
f o r e f r o n t  of  a t t e n t i o n .  
I n  t h e  fo l lowing a  few s i g n i f i c a n t  q u a l i t a t i v e  r e s u l t s  
o f  t h e  i n v e s t i g a t i o n s  on r e a c t o r  s t r a t e q i e s  t h a t  w e r e  made 
dur ing  t h e  s i x t i e s  s h a l l  be summarized: 
a )  The expected  consumption of n a t u r a l  uranium i n  t h e  
western  world f o r  t h e  product ion o f  e l e c t r i c a l  power 
u n t i l  t h e  y e a r  2000 i s  a  few m i l l i o n  t o n s  ( -  4-6 
m i l l i o n )  . T h i s  b a s i c a l l y  assumes t h a t  t h e  m a j o r i t y  
of  t h e  e l e c t r i c a l  power product ion is  t a k i n g  p l a c e  
i n  LWR's .  I n  t h a t  c a s e  t h e  uranium consumption 
beyond t h e  y e a r  2000 con t inues  t o  grow h e a v i l y .  
b )  I f  t h e  LWR's  a r e  coupled t o  FBR's us ing  t h e  ox ides  
a s  f u e l  (U02/Pu02) , t h e  consumption o f  n a t u r a l  
uranium u n t i l  2000 h a s  reached v a l u e s  of  3-4 m i l l i o n  
t o n s  and dec reases  on ly  s lowly.  I f  t h e  c a r b i d e s  a r e  
used a s  f u e l  (UC/PuC) i n s t e a d ,  about 3 m i l l i o n  t o n s  
w i l l  be consumed u n t i l  2000 and. t h e  consumption 
dec reases  considerably  
C )  S e p a r a t i v e  requirements  a r e  s h a r p l y  l i m i t e d  on ly  i f  
t h e  FBR us ing  c a r b i d e s  i s  developed and d e p l o i t e d .  
S t a r t i n g  d a t e s  f o r  such deployment could be 
between 1980 and 1985, and do n o t  i n f l u e n c e  
t h e  r e s u l t s  very much. 
d)  A genera t ion  of  advanced thermal  r e a c t o r s  wi th  
a  high Pu o u t p u t  such a s  heavy water  r e a c t o r s  
do n o t  appear t o  be a  must. Never the less ,  they 
would speed up t h e  i n t r o d u c t i o n  of f a s t  b reeders  
i f  t h e  Pu requirements  f o r  t h e  f i r s t  core  
inventory  of FBR's comes o u t  t o  be t h e  l i m i t i n g  
f a c t o r .  
e )  A s  a  f i g u r e  of o r i e n t a t i o n ,  it is reasonable  t o  
assume t h a t  by t h e  yea r  2000 roughly 50% of  t h e  
i n s t a l l e d  capac i ty  could  be f a s t  b reeders  and 
about 90% of  t h e  annual i n s t a l l a t i o n  a t  t h a t  
t ime would be f a s t  b reeders .  
£1 Benef i t /Cost  r a t i o s ,  where t h e  b e n e f i t  r e l a t e s  t o  
t h e  p r i c e  advantage of t h e  FBR over t h e  LWR and 
t h e  c o s t  t o  t h e  R a D c o s t s  of t h e  b r e e d e r ,  a r e  low 
f o r  t h e  FBR t h a t  uses  t h e  oxides  and comparatively 
high f o r  t h e  FBR t h a t  u s e s  t h e  c a r b i d e s .  
One should  r e c a l l  t h a t  t h e  t a c i t  assumptions f o r  t h e s e  
r e a c t o r  s t r a t e g i e s  of  t h e  s i x t i e s  were t h e  following: 
1) I t  is  only  t h e  genera t ion  of e l e c t r i c a l  power t h a t  
is t o  be taken i n t o  account .  
2) Any genera t ion  of e l e c t r i c a l  power i n  n u c l e a r  p l a n t s  
must be j u s t i f i e d  on s t r i c t l y  economical grounds. 
I f  nuc lea r  power does n o t  meet t h a t  c r i t e r i o n ,  
it i s  f o s s i l  power, e s p e c i a l l y  o i l  and g a s ,  t h a t  is  
then i n  t h e  bus iness  au tomat ica l ly .  
3) I t  is  t h e  prccurement of Pu from thermal  r e a c t o r s  
and i n  p a r t i c u l a r  t h e  LWR's t h a t  governs t h e  r o l e  
of deployment of FBR1s. 
4 )  One must envisage a cont inued economic arowth. 
2. Changes Since  t h e  S i x t i e s :  The Enerqy Problem 
During t h e  few y e a r s  s i n c e  t h e  l a t e  s i x t i e s ,  a number 
of  somet imes-dras t ic  developments have taken p l a c e .  The 
developments t h a t  a r e  o f  major re levance h e r e  a r e  t h e  
following: 
a )  I n  t h e  US, t h e  expected LWR c a p a c i t y  f o r  1980 is  
a t  -140 GWe. The f i g u r e s  f o r  Germany and Japan 
r e s p e c t i v e l y  a r e  -19 GWe and -25 GWe, and t h a t  f o r  
t h e  whole world -230 GWe (LWR) . 
b) I n  t h e  US, Germany, and Japan, i . e .  t h e  c o u n t r i e s  
wi th  l a r g e  LWR popula t ions ,  t h e  development of  FBR 
is delayed.  Commercially s i g n i f i c a n t  deployment is  
now expected only  f o r  t h e  n i n e t i e s ,  whi le  France and 
England s t i l l  expec t  a s i g n i f i c a n t l y  e a r l i e r  d a t e .  
These two c o u n t r i e s  have a delayed o r  no i n t r o d u c t i o n  
of LWR1s. 
C )  Energy p r i c e s  have r i s e n  g e n e r a l l y ,  sometimes 
d r a s t i c a l l y .  I n  1970 t h e  p r i c e  f o r  crude o i l  was 
$ l / b a r r e l ,  now it is  a t  $8 /ba r re l .  
d) Shortages  i n  t h e  supply of  f o s s i l  f u e l  have t o  
be envisaged.  P a r t l y  t h i s  i s  due t o  p o l i t i c a l  
circumstances and p a r t l y  t o  t h e  p h y s i c a l  
l imi tedness  of such f u e l s .  The t ime s c a l e  f o r  
t h e s e  two types  of shor tages  i s  q u i t e  d i f f e r e n t .  
e )  Unlimited economic growth is  no longer  an 
unchallenged assumption. 
f) Appl ica t ions  f o r  n u c l e a r  energy o t h e r  than t h e  
genera t ion  of  e l e c t r i c a l  power a r e  now more and more 
envisaged.  
I t  t h e r e f o r e  appears  necessa ry  t o  review and, i f  
necessa ry ,  t o  expand t h e  work on r e a c t o r  s t r a t e g i e s  of t h e  
s i x t i e s .  The g u i d e l i n e  f o r  doing t h a t  must be t h e  cons ide ra t ion  
of t h e  whole energy supply problem and n o t  on ly  t h e  f r a c t i o n  
of t h e  n u c l e a r  genera ted e l e c t r i c i t y .  Fur the r ,  b e s i d e s  t h e  
c o m p e t i t i v i t y ,  it is  now a l s o  a v a i l a b i l i t y  of  energy t h a t  
m a t t e r s .  To t h a t  end one has  t o  r e f l e c t  on t h e  a v a i l a b i l i t y  
of f o s s i l  f u e l .  For t h e  purpose of  t h i s  paper it w i l l  be 
s u f f i c i e n t  t o  cons ide r  t h e  fo l lowing f i g u r e s  on l i k e l y  f o s s i l  
f u e l  r e s e r v e s  [12]: 
c o a l  
o i l  
gas 
o t h e r s  
t o t a l  
The p r e s e n t  and expected consumption of t h e  US and t h e  
world provides  a  y a r d s t i c k  f o r  judging on t h e s e  f i g u r e s .  
us 
world 
This  sugges t s  we cons ide r  t h e  problem o f  t h e  supply of 
energy i n  t h r e e  phases [13]. The n e a r  range phase is 
c h a r a c t e r i z e d  by t h e  f a c t  t h a t  any new techno log ica l  s t e p  
r e q u i r e s  about 15 yea r s  be fo re  it can be f e l t  i n  t h e  
commercial domain. One such new technology cou ld  be l a r g e  
s c a l e  s y n t h e t i c  hydrocarbon product ion a s  a  s u b s t i t u t e  f o r  
o i l ,  making use of nuc lea r  energy a s  a  source  f o r  chemical  
p rocess  h e a t  o r  not .  This  could  l e a d  t o  t h e  renewed and 
extended use  of  c o a l ,  and t h i s  would then c h a r a c t e r i z e  a  
medium range phase of t h e  energy problem. A t h i r d  phase 
o f  t h e  energy problem comes i n t o  p i c t u r e  when f o s s i l  f u e l  
becomes a  s c a r c e  m a t e r i a l ,  and non- foss i l  f u e l  has  t o  t ake  
over  a l l  phases of product ion,  n o t  on ly  t h e  genera t ion  of  
e l e c t r i c i t y .  I t  may be u s e f u l  t o  r e c a l l  t h a t  t h e  p r e s e n t  
p a r t i t i o n  between t h e  primary energy demand f o r  e l e c t r i c i t y ,  
t r a n s p o r t ,  household,  commercial and i n d u s t r y  is ,  a s  a 
r u l e  of thumb, 1:l:l:l. The fol lowing t a b l e  summarizes 
t h e s e  obse rva t ions  : 
The Energy Problem 
time i n t e r v a l  key word 
nea r  range 1970-1985 ( ? )  o i l  
medium range 1980-2000 ( ? )  coa l /nuc lea r  
long range 1995- ( ? )  non- foss i l  f u e l  
There appear t o  be four  o p t i o n s  f o r  t h e  non- foss i l  
supply  of a l l  of t h e  energy: nuc lea r  f i s s i o n ,  n u c l e a r  
f u s i o n ,  s o l a r  power, and geothermal energy i n  t h e  e a r t h ' s  
c r u s t  [13:. I n  t h e  r e s t  of t h i s  paper we w i l l  cons ide r  
on ly  t h e  op t ion  of nuc lea r  f i s s i o n .  Nuclear f i s s i o n  can 
a l s o  provide  n o n e l e c t r i c a l  power [14] . I t  is  i n  p a r t i -  
c u l a r  t h e  HTGR t h a t  has  t h i s  p o t e n t i a l .  A s  a source  o f  
chemical process  h e a t  a t  temperatures  up t o  1 0 0 0 ~  C ,  it can 
be used t o  s p l i t  t h e  water  molecule by s t aged  chemical  
processes .  Hydrogen has  ext remely a t t r a c t i v e  f e a t u r e s  a s  
a secondary f u e l  [14]. I t  is  t h e r e f o r e  f e a s i b l e  t o  assume 
a s i t u a t i o n  where, i n  t h e  long range of  t h e  energy problem, 
n u c l e a r  f i s s i o n  is  t h e  source  of  primary energy wi th  both 
hydrogen and e l e c t r i c i t y  a s  secondary f u e l .  
3. New Func t ions  o f  Known Reactor  Types 
The c o n s i d e r a t i o n s  o f  s e c t i o n  2 ,  i f  t a k e n  s e r i o u s l y ,  
l e a d  t o  d r a s t i c  consequences.  I n  s o  do ing  one i s  f i r s t  l e d  
t o  c o n s i d e r  t h e  long  range  phase  a s  t h i s  e s t a b l i s h e s  t h e  long  
r ange  t a r g e t  f o r  a  c o n s i s t e n t  approach t o  t h e  energy  problem. 
P .  For t e scue  [15] and work a t  Kar l s ruhe  have  p o i n t e d  
t o  t h e  p o s s l b l i t y  o f  u s i n g  t h e  b reed ing  g a i n  o f  FBR's, n o t  
f o r  t h e  doub l ing  of  FBR's b u t ,  f o r  t h e  supp ly  of  u ~ ~ ~ .  To 
t h a t  end  two v e r s i o n s  o f  an FBR seem f e a s i b l e .  One v e r s i o n  
p r o v i d e s  f o r  p roduc t ion  o f  u~~~ i n  t h e  r a d i a l  b l a n k e t  o f  a  
FBR. The Pu c y c l e  o f  such an FBR must b e , o f  cou r se ,  s e l f -  
s u s t a i n e d .  The b r e e d i n g  r a t i o  o f  t h e  c o r e  and i t s  a x i a l  
b l a n k e t  must t h e r e f o r e  be  i n  o p e r a t i o n a l  terms e q u a l  t o  one.  
The o t h e r  v e r s i o n  is t o  u se  t h e  i n n e r  p o r t i o n  o f  t h e  c o r e ,  
rough ly  one h a l f  o f  t h e  c o r e ,  f o r  f u e l i n g  w i t h  P U / T ~  e lemen t s ,  
and t o  l e t  t h e  r a d i a l  b l a n k e t  b r e e d  Pu. Work is  going  on a t  
Kar l s ruhe  t o  examine b o t h  v e r s i o n s  in g r e a t e r  d e t a i l  [16]. 
I t  a p p e a r s  t h a t  i n  such a way enough u~~~ can  be  p rov ided  t o  
make up f o r  t h e  annual  r equ i r emen t  of  a n  HTGR which o p e r a t e s  
on t h e  b a s i s  o f  u~~~ and Th. The r a t i o  
where 
PH = i n s t a l l e d  HTGR c a p a c i t y  i n  GW, t he rma l  , and 
PB = i n s t a l l e d  FBR c a p a c i t y  in GW, t he rma l  , 
could  we l l  be between 1 . 0  and 1 . 5  under c e r t a i n  cond i t ions  
even h igher  than t h a t .  
I n  such a scheme t h e  FBR does n o t  double any more. The 
FBR s u s t a i n s  t h e  s t eady  opera t ion  o f  an H T G ~  i n s t e a d .  Th i s  
impl ies  a s t a t i c ,  non-expanding s i t u a t i o n  where on ly  U 2 38 
and Th--i.e. abundant n a t u r a l  i so topes--are  consumed a s  f u e l  
and both  types  of  secondary f u e l  a r e  produced: e l e c t r i c i t y  
from t h e  FBR and hydrogen from t h e  HTGR. Such an approach 
r e a l l y  employs t h e  genuine advantages of both  r e a c t o r  types :  
t h e  FBR breeds  Th i n t o  u ~ ~ ~ ,  and t h e  HTGR is  t h e r e  f o r  h igh 
temperatures  t h a t  a r e  a necessary  cond i t ion  f o r  s p l i t t i n g  
t h e  wa te r  molecule. To make e l e c t r i c i t y  from t h e  HTGR does n o t  
genuinely  r e q u i r e  h igh temperature .  I n  f a c t ,  t h e  HTGR is 
degraded t o  be on ly  a compet i tor  f o r  t h e  LWR i n  t h a t  case .  
And under t h e  asymptotic c o n d i t i o n  of  a s o c i e t y  wi th  no 
growth, t h e  doubl ing of b reeders  is  n o t  d e s i r a b l e  anyhow. 
Figure  1 c h a r a c t e r i z e s  t h i s  asymptotic s o l u t i o n  of t h e  
long range phase of  t h e  energy problem. 
I f  t h a t  is  considered a t t r a c t i v e ,  t h r e e  q u e s t i o n s  come up: 
- What could be  an approach dur ing  t h e  medium range 
phase of t h e  energy problem? 
- What is t h e  t iming of  t h i s  approach dur ing  t h e  
medium range phase? 
- What is then t h e  i n t e r p l a y  wi th  t h e  f i n i t e  r e sources  
of  f o s s i l  f u e l ?  
H e r e  it i s  proposed t o  a p p r e c i a t e  t h e  s o l i d  p o s i t i o n  
t h a t  t h e  LWR i s  having now and more s o  i n  t h e  f u t u r e .  The 
f a i r l y  d r a s t i c  assumption is  being made t h a t  f o r  t h e  n e x t  
one o r  two decades a l l  inc reased  demands f o r  e l e c t r i c  power 
w i l l  be m e t  by LWR1s. LWR1s produce roughly 170 Kg/GWe of 
plutonium. The f u r t h e r  d r a s t i c  assumption s h a l l  he made t h a t  
no Pu r e c y c l i n g  i n  LWR's s h a l l  t a k e  p lace .  I n s t e a d ,  a l l  Pu 
produced i n  LWR1s s h a l l  be used t o  e s t a b l i s h  t h e  f i r s t  c o r e  
i n v e n t o r i e s  of new FBR1s. I f  P, denotes  t h e  i n s t a l l e d  LWR 
J J  
d P ~  
c a p a c i t y  i n  GWthemal, then PL induces i n  t h i s  way - d t  . 
More than t h a t ,  t h e  FBR f u n c t i o n s  a s  a  waste box f o r  t h e  
d i s p o s a l  of t h e  Pu produced i n  t h e  LWR. There t h e  Pu does 
n o t  i n c r e a s e  f u r t h e r ,  b u t  j u s t  s t a y s  t h e r e  a s  a  permanent 
c a t a l y s t  f o r  t h e  use of  u~~~ and p a r t l y  Th. The c o n d i t i o n s  
of such a  t r a n s i e n t  phase can t h e r e f o r e  be summarized a s  
o u t l i n e d  i n  Figure  2.  Let  us r e c a l l :  
- The FBR does n o t  double any more. The r a t e  of  i t s  
d P ~  i n c r e a s e  dt is p r o p o r t i o n a l  t o  P  L  ' 
- The HTGR can be i n s t a l l e d  p r o p o r t i o n a l l y  t o  t h e  
FBR, PH = BPB. I t  produces, by v i r t u e  of i ts  high  
temperatures ,  hydrogen. 
- The i n c r e a s e  of t h e  whole e l e c t r i c i t y  demand is  met 
i n  t h e  beginning on ly  by LWR1s. 
- Pu t h a t  i s  produced i n  t h e  LWR1s goes i n t o  t h e  FBR. 
I t  s t a y s  t h e r e  and does n o t  double.  
4 .  A Highly S t y l i z e d  A n a l y t i c a l  Model 
The approach o u t l i n e d  i n  s e c t i o n  3 c a l l s  f o r  a  model. 
A t  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Systems Ana lys i s  
work i s  going on t o  e s t a b l i s h  such a  computer model. A 
necessa ry  f i r s t  s t e p ,  however, i s  t o  have a  h i g h l y  s t y l i z e d  
a n a l y t i c a l  model t h a t  a l lows f o r  t h e  unders tanding of t h e  
mechanisms involved.  I t  s e r v e s  a s  a  s k e t c h  f o r  t h e  above 
mentioned computer model. 
Now w e  s h a l l  d e s c r i b e  t h i s  a n a l y t i c a l  model. The demand 
f o r  power, e i t h e r  e l e c t r i c a l  o r  n o n e l e c t r i c a l ,  may be  des- 
c r i b e d  by a  polynomial express ion .  
f o r  0 < t < tl. 
Po deno tes  t h e  va lue  o f  P ( t )  a t  t = 0 ,  P  = P1 a t  t = t and 1 ' 
Ro is t h e  r e l a t i v e  y e a r l y  i n c r e a s e  of  P  a t  t = t o .  We assume 
dP t h a t  a t  t = tl, n o t  on ly  P = P  b u t  a l s o  ( - I t  = 0 ,  o r  i n  1 d t  1 
o t h e r  words, a  no growth p a t t e r n  a t  t = tl. 
We then  f i n d  
and 
T i s  of a  t r a n s i e n t  n a t u r e  t h a t  a l lows f o r  RO a t  t = t o  and 
S l e a d s  i n t o  t h e  s t e a d y  no growth s t a t e  a t  t = tl. Figure  3 
shows T and S  a s  f u n c t i o n s  o f  t i m e .  
We now assume a  model s o c i e t y  G.  A t  t = t o  G may have 
6  250 10 people wi th  10 KW/capita t o t a l  power demand. Within 
40 y e a r s  t h e  popula t ion s h a l l  have l e v e l e d  o f f  a t  362 10 6  
people ,  implying an average growth r a t e  f o r  0  < t < tl of 0.92%. 
For Ro we assume 4.5%. Two subcases  a r e  considered:  i n  one 
subcase t h e  p e r  c a p i t a  demand f o r  power has  inc reased  t o  
20 KW/capita, and i n  t h e  o t h e r  subcase  it has  remained 
c o n s t a n t  a t  10 KW/capita. The n o t a t i o n  f o r  t h e  t o t a l  power 
demand may be  P t o t  (t) . 
The e l e c t r i c a l  power demand, P e l ( t 1  , s h a l l  s t a r t  a t  
t = 0  wi th  P e l ( 0 )  = 0.25 P t o t  (0 )  and Ro = 8%. One may 
r e c a l l :  P e l  is t h e  primary energy demand t h a t  goes i n t o  t h e  
genera t ion  of e l e c t r i c i t y ,  and it i s  measured i n  GW, thermal.  
A t  t = tl, we d e f i n e  P e l ( t l )  = 0.'5 P t o t  (tl) . I n  o t h e r  
words, t h e  r e l a t i v e  s h a r e  of e l e c t r i c i t y  i n  t h e  t o t a l  power 
product ion s h a l l  double i n  e i t h e r  of t h e  two subcases 
considered.  
P p r  i s  t h e  n o t a t i o n  f o r  t h e  p rocess  h e a t ,  t h a t  i s  
we have 
P t o t  = P e l  + P p r  . (71 
Figure  4 d e s c r i b e s  t h e  f i r s t  subcase (20 KW/capita a t  
t = t l ) ,  whi le  Figure 5  d e s c r i b e s  t h e  second subcase  
(10  KW/capita a t  t = t l ) .  
We now assume P ( 0 )  = 0 ,  a t  t = 0  t h e r e  is  only  one L 
f o s s i l  power. Fur the r ,  we make t h e  assumption t h a t  t h e  
c a p a c i t y  of t h e  n u c l e a r  indus t ry  may fo l low t h e  func t ion  
A l ( t )  . This  impl ies  
where t denotes  t h e  t ime when no more LWR's o r  FBR's a r e  E 11 
be ing  b u i l t .  A s  we w i l l  see l a t e r ,  t > tl. For t h e  
EI1  
h i g h l y  s t y l i z e d  model presented h e r e ,  we f u r t h e r  assume 
A1 = cons t  f o r  0 5 t 5 tEIl,  and w i l l  l a t e r  vary  t h e  value  
of A1. A1 r e f e r s  t o  t h e  number of LWR's and FBR's t h a t  can 
be  b u i l t  pe r  yea r .  I t  is  measured i n  GWth p e r  yea r .  W e  
s p e c i a l i z e  f u r t h e r  by assuming 
6 P ~  
- - 
6 t   A1 , f o r  0 - < t ( t * .  
The a m o a t  of Pu t h a t  is y e a r l y  produced by one GW-LWR 
s h a l l  be denoted by aLIpu ,  and cumulate amounts of  Pu by 
. 
A t  t = t *  we then have 
and 
PE produces A - t *  a  of Pu pe r  yea r .  Th i s  is s u f f i c i e n t  L,Pu 
t o  provide  t h e  f i r s t  co re  i n v e n t o r i e s  of  
6t 
if i~ ,Pu i s  t h e  f i r s t  co re  inventory  ( i n c o r e  + ; incore  f a r  
o u t  of p i l e  purposes) f o r  1 GWe FBR. Here i n  t h i s  a n a l y t i c a l  
model we assume t h e  same thermal  e f f i c i e n c y  f o r  LWR's and 
FBR's. We f u r t h e r  s p e c i a l i z e  by assuming t h a t  
f o r  t *  ( t ( tEnl .
Equations (12) and (13) imply t h a t  
a ~ , ~ u  
= 170 Kg/GWe year  and iBlpu = 3.0 to/GWe, we have 
t *  = 17.6 y e a r s  = 18 years  . 
L e t  us  assume t h a t  1970 i s  t = 0 and t h e r e f o r e  1988 is  
t * .  Then t h e  LWR c a p a c i t y  of 1988 is  s u f f i c i e n t  t o  f u e l  a l l  
FBR's t h a t  a r e  b u i l t  a t  a  y e a r l y  r a t e  of  A .  I f  t h e  FBR comes 
e a r l i e r ,  more LWR's than i n  opera t ion  a t  t h a t  e a r l i e r  t ime 
have t o  be i n s t a l l e d  i f  t h e  annual  Pu o u t p u t  aL lpu  i s  meant 
t o  f u e l  t h e s e  b reeders .  But t *  = 18 y e a r s  is  n o t  an 
u n r e a l i s t i c  assumption. We t h e r e f o r e  do assume (13) h e r e  
i n  t h i s  a n a l y t i c a l  sketch.  
Together wi th  t h e  b reeders  now, HTGR's can be b u i l t  and 
opera ted  f o r  t h e  i n c r e a s i n g  product ion of  n o n e l e c t r i c a l  power. 
Me assume t h a t  t h e i r  f i r s t  co re  inven to ry  i s  u~~~ and t h a t  
t he  annual fue l ing  is  u~~~ which comes from the  FBR's. W e  
then have ( 4 ) : 
and we therefore  assume 
and 
A2 = BA1 
where t denotes t h e  t i m e  when no more HTGR's a r e  being 
El2 
b u i l t  because t he  demand curve P p r  i s  m e t  by HTGR's  and no 
f o s s i l  f u e l s  a r e  necessary any more. 
Let t** now be t he  t i m e  when 
pi* + P** = Pel  ( t**)  , B (17) 
o r  i n  o the r  words, when a l l  of t h e  e l e c t r i c a l  power requirements 
a r e  m e t  by LWR's and FBR's. (Note: P** = P* because of (13) .) 1 1 
For t h e  purposes of t h i s  highly s t y l i z e d  model we now f u r t h e r  
assume 
This l e a d s  t o  
Equation (18) implies  f o r  t he  f i r s t  subcase (20 KW/capita) 
A1 - < 36/year and f o r  t he  second subcase (10 KW/capita) 
A~ 18/year.  Such r a t e s  f o r  t h e  b u i l d i n g  of r e a c t o r s  a r e  
reasonable  f o r  t h e  model s o c i e t y  G considered he re .  
A t  t = t**  we now cont inue t o  b u i l d  FBR's a t  a r a t e  of 
A1. But they a r e  meant t o  r e p l a c e  LWR's  and n o t  t o  fo l low 
demand i n c r e a s e s .  Due t o  t h e  symmetry of t h e  model considered 
h e r e  t h i s  l e a d s  t o  
PL = 0 a t  t = 
t ~ ,  1 
and 
We now r e c a l l  t h a t  we have l e f t  over  t h e  Pu s t o c k p i l e  f u e l  
t h a t  was produced b e f o r e  t *  ( 0  < t < t * )  . A f t e r  t * *  t h e  LWR' s 
produce a g a i n  t h e  e q u i v a l e n t  amount. We t h u s  have a t  
t = t h e  following amount of Pu t h a t  comes from t h e  
LWR dur ing t h e  bu i ldup  and reduc t ion  phases :  
The amount of Pu t h a t  is  r e q u i r e d  t o  cont inue wi th  t h e  
i n s t a l l a t i o n  o f  t h e  FBR f o r  t** 5 t 5 tE is  
Both amounts e q u a l ,  i f  t *  observes  ( 1 4 ) .  But t h i s  was t h e  
d e f i n i t i o n  of t * .  I n  t h e  c a s e  considered h e r e ,  no P u ' i s  
l e f t  o v e r ,  t h u s  t h e  Pu balance  is c losed .  A l l  Pu ends up i n  
t h e  FBR's. 
I n  t h e  case  of B = 1, t h a t  is PH = PB, t h e  bu i ldup  of  
H T G R ' s  meets t h e  demand f o r  n o n e l e c t r i c a l  power, P  p r ,  
e x a c t l y  a t  tEll. This  is t h e  c a s e  because f o r  t 2 tl, 
P p r  = P e l ,  o r  P e l  = 0.5 P t o t .  
I n  Figure  6 we now i l l u s t r a t e  t h e  h igh ly  s t y l i z e d  
and symmetrical  c a s e  considered h e r e  which l e a d s  t o  completely 
c l o s e d  m a t e r i a l  balances .  
Not s o  h igh ly  symmetrical cases  appear i f  
LWR's have t o  be b u i l t  beyond t *  i f  t h e  b reeder  comes t o o  
e a r l y .  Such cont inued LWR bu i ldup  fol lows t h e  func t ion  
A s i m i l a r  obse rva t ion  is t r u e  beyond t**  when t h e  LWR's  
a r e  f i n a l l y  r ep laced  by FBRvs. I n  t h a t  connection it must 
be  mentioned t h a t  t h e  va r ious  t ime de lays  i n  t h e  nuc lea r  
f u e l  c y c l e s  have n o t  been taken i n t o  account.  F u r t h e r ,  
B > 1 l e a d s  t o  savings  i n  t h e  u~~~ f i r s t  co re  i n v e n t o r i e s  
of t h e  HTGR. Values of B t h a t  a r e  between one and two 
seem t e c h n i c a l l y  f e a s i b l e  [16] . T h i s  l e a d s  t o  va lues  of 
t 
El2 c tE,l and again  e x p l i c i t  s t e p s  have t o  be t aken  f o r  
t > t dur ing  which t h e  product ion of u~~~ i n  b reeders  would 
E,2 
be slowed down. B = 1 i s  t h e  one symmetrical  c a s e  because 
we had assumed h e r e  P p r  (tl) /Pel  (tl) = 1. 
I f  a  d i f f e r e n t  asymptotic value  of t h i s  r a t i o  i s  
envisaged,  B should be a d j u s t e d  accordingly .  We a l s o  
P1 - Po 
assumed A1 5 - . I f  a  l a r g e r  nuc lea r  c o n s t r u c t i o n  
c a p a c i t y  i s  considered,  then  the  curve of t h e  e l e c t r i c a l  
demand i s  met e a r l i e r  accord ing ly ;  t h e  c o n s t r u c t i o n  of new 
nuc lea r  power p l a n t s  h a s  t o  fo l low t h a t  demand curve f o r  
awhile.  We a l s o  assumed i m p l i c i t l y  t h a t  t h e  thermal 
e f f i c i e n c y  of t h e  FBR e q u a l s  t h a t  of  t h e  LWR, which i s  
obviously  an approximation. The l o g i c  of  a l l  these  sub- 
cases  w i l l  be taken c a r e  of i n  o u r  computer program. For 
t h e  h e u r i s t i c  purposes of t h i s  o u t l i n e ,  it is s u f f i c i e n t  t o  
cons ide r  t h e  more s p e c i a l  c a s e  considered he re .  The computer 
program w i l l  a l s o  t ake  c a r e  of t h e  va r ious  op t imiza t ions  
involved.  There a r e  s t o c k p i l e s  of Pu, f o s s i l  f u e l  and 
n a t u r a l  uranium,and investments  i n  t h e  LWR, i n  t h e  huge 
i s o t o p e  s e p a r a t i o n  p l a n t s  and uranium mining. These 
inves tments  w i l l  be o p e r a t i v e  f o r  a l i m i t e d  pe r iod  of  
t ime only.  When t h e  asymptot ic  scheme of Figure 1 becomes 
o p e r a t i v e ,  no LWR's a r e  i n  o p e r a t i o n  any more, no enr ich-  
ment i s  r e q u i r e d ,  and uranium mining f a l l s  t o  a 
d i f f e r e n t  o r d e r  of magnitude. Despi te  t h e  h igh ly  s t y l i z e d  
n a t u r e  of  our  a n a l y t i c a l  model, we d i d  make a numerical  
e v a l u a t i o n .  A t  t = t E,1'  no f o s s i l  f u e l  is  requ i red  any 
more. I t  is  t h e r e f o r e  meaningful t o  e v a l u a t e  t h e  amount 
of  f o s s i l  f u e l  t h a t  is consumed w i t h i n  0 2 t 5 tEll. I t  
is  e q u a l l y  i n t e r e s t i n g  t o  eva lue  t h e  amount o f  n a t u r a l  
uranium t h a t  h a s  t o  be p rov ided  f o r  w i t h i n  t h a t  t ime  
i n t e r v a l .  To make qu ick  comparisons,  one f i n d s  it d e s i r a b l e  
t o  e x p r e s s  b o t h  t h e  amounts o f  f o s s i l  f u e l  and t h e  n a t u r a l  
uranium i n  te rms o f  Q.  While t h i s  is  s t r a i g h t f o r w a r d  f o r  
t h e  f o s s i l  f u e l s ,  it i s  a  d i f f i c u l t y  i n  t h e  c a s e  o f  uranium. 
Roughly 20% of t h e  r e q u i r e d  n a t u r a l  uranium i s  needed t o  
p rov ide  f o r  t h e  f i r s t  c o r e  i n v e n t o r i e s  o f  t h e  LWR's and H T G R ' s .  
These f i r s t  c o r e  i n v e n t o r i e s  have n o t  a  f u e l  b u t  a  c a t a l y t i c  
f u n c t i o n  a s  t h e  c r i t i c a l  mass h a s  t o  be  t h e r e  b e f o r e  t h e  
annual  r e l o a d  can be  burned.  We t h e r e f o r e  g i v e  o n l y  an 
a r t i f i c i a l  e q u i v a l e n t .  A t y p i c a l  LWR w i t h  a  g iven  c r i t i c a l  
6  
mass r e q u i r e s  2 .5  10  t o  UNAT t o  produce 1 Q of  h e a t :  
6 2.5 1 0  t o  n a t  uranium = 1 Q (LWR e q u i v a l e n c e )  . 
With t h e s e  c l a r i f i c a t i o n s ,  one can now examine Tab le  1 
and F i g u r e s  7 and 8 ,  and F i g u r e s  9 and 10  a s  w e l l .  F i g u r e s  
7 and 8 r e f e r  t o  t h e  s e p a r a t i v e  work r equ i r emen t s  a s  a  
f u n c t i o n  o f  t i m e  f o r  c a s e s  1 and 3 of  Tab le  1, and 
F i g u r e s  9 and 1 0  t o  t h e  demand f o r  f o s s i l  f u e l  a c c o r d i n g l y .  
Table  2  l ists t h e  v a r i o u s  numer i ca l  assumpt ions  t h a t  w e r e  
made i n  t h e  c a l c u l a t i o n s .  
While keeping  i n  mind t h a t  t h e s e  d a t a  r e f e r  t o  a  model, 
it may be  s t i l l  worthwhile t o  draw a number o f  c o n c l u s i o n s .  
1) Case 1 r e f e r s  t o  an  a sympto t i c  v a l u e  o f  20 KW/cap 
6 f o r  3 6 2  10 peop le  and an annua l  i n s t a l l a t i o n  o f  
36 n u c l e a r  power s t a t i o n s ,  1 GWe each .  Such a  r a t e  
i s  reasonable .  I t  i s  c l o s e  t o  f i g u r e s  a n t i c -  
i p a t e d  f o r  t h e  US L17]. Under t h e s e  c o n d i t i o n s  
it t a k e s  58 y e a r s  t o  a r r i v e  a t  t h e  FBR/HTGR a l F  
nuc lea r  energy supply  scheme of  Figure  1. To 
a r r i v e  t h e r e  roughly 4 Q's  of  f o s s i l  f u e l  a r e  
r equ i red .  I f  a  narrow-minded e x t r a p o l a t i o n  from 
8 2.5 1 0  people t o  a  world t o t a l  of lo1' people  
i s  at tempted,  t h i s  would then  mean 160 Q.  T h i s  
is  roughly t h e  amount of  f o s s i l  f u e l  t h a t  is  a t  
a l l  a v a i l a b l e .  A more reasonable  approach t o  t h e  
g l o b a l  problem of  supplying lo1' people  wi th  
s u f f i c i e n t  amounts of energy would provide  f o r  
more d i saggrega t ion .  One could t h i n k  of  5-10 
groups of power consumers t h a t  a l l  fo l low 
p r i n c i p a l l y  t h e  same model bu t  w i t h  a  d i f f e r e n t  
phas ing,  and it would then  be i n t e r e s t i n g  t o  
s tudy  n o t  on ly  t h e  t r a n s i t i o n s  a s  desc r ibed  by 
t h e  model w i t h i n  each group, bu t  a l s o  t h e  
t r a n s i t i o n s  between t h e  groups.  Never the less ,  
t h e  obse rva t ion  s h a l l  be  made h e r e  t h a t  t h e  
f o s s i l  r e s e r v e s  of t h e  g lobe could  b e  j u s t  
s u f f i c i e n t  f o r  t r a n s i t i o n s ,  n o t  f o r  long t e r n  
s t eady  s t a t e  s u p p l i e s ,  and t h e  t i m e  s c a l e  f o r  
such t r a n s i t i o n s  could  be  between 50 and 
80 y e a r s .  Cons ide ra t ions  of t h e  k ind  t h a t  
a r e  i n d i c a t e d  by t h e  model could  a l s o  be used 
f o r  t h e  assessment of f u t u r e  t echno log ica l  
developments and t h e  t ime s c a l e s  t h a t  must be 
imposed on them. Case 3 g i v e s  t h e  f i g u r e s  f o r  
t h e  10  KW/capita case .  Simply a f a c t o r  of  two 
i s  gained.  
2) At ten t ion  must be drawn t o  the l a r g e  amounts of 
uranium t h a t  a r e  r equ i red .  For t h e  model s o c i e t y  
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of 250 10  people considered h e r e ,  t h i s  uses  up 
a l l  cheap uranium ( <  $30/lb) t h a t  seems t o  be 
a v a i l a b l e  on t h e  g lobe .' E x t r a p o l a t i o n  t o  10  10  
people  l e a d s  i n t o  p r i c e  c l a s s e s  o f  uranium a s  
h igh a s  $100-$20o/lb. A s  t h e  overwhelming amount 
of t h i s  uranium is needed t o  f u e l  t h e  LWR's, 
a l t e r n a t i v e  concepts  have probably t o  be envisaged.  
There a r e  many p o s s i b i l i t i e s  f o r  t h a t .  To lower 
t h e  r e q u i r e d  f a s t  b reeder  inventory ,  f o r  i n s t a n c e ,  
by employing t h e  c a r b i d e s  a s  f u e l  is  one such 
p o s s i b i l i t y .  (The va lue  considered h e r e  of  3 to/GWe 
is r a t h e r  h igh and r e f e r s  t o  t h e  oxide b r e e d e r s . )  
To i n c r e a s e  t h e  convers ion f a c t o r  of LWR's 
and the reby  t o  produce more t h a n  170 kg/GWe a 
i s  a n o t h e r  such p o s s i b i l i t y .  There a r e  many more. 
The model envisaged h e r e  could  h e l p  t o  a s s e s s  t h e  
va r ious  p r i o r i t i e s  f o r  such developments i n  t h e  
new l i g h t  of  "Reactor S t r a t e g i e s  and t h e  Energy 
C r i s i s .  " 
l ~ c c o r d i n g  t o  K .  Hubbert El81 . 
3) A t t e n t i o n  must be drawn t o  t h e  f a c t  t h a t  i n  
Table 1 t h e  Q ' s  of f o s s i l  f u e l  and t h e  Q's  f o r  
n a t u r a l  uranium do n o t  make up f o r  t h e  t o t a l  
energy consumption. The remainder is  t h e  s h a r e  
of  t h e  FBR's and t h e  o p e r a t i o n  o f  t h e  H T G R ' s .  
4 )  Comparing c a s e s  1 and 2  a s  w e l l  a s  cases  3  and 4 
p o i n t s  t o  t h e  i n f l u e n c e  o f  t h e  c a p a c i t y  of  t h e  
n u c l e a r  i n d u s t r y .  For t a  d i f f e r e n c e  of  15 
E , 1  
y e a r s  appears and,  a s  t h e  f o s s i l  f u e l  c o n s u m ~ t i o n  
becomes l a r g e r ,  one a d d i t i o n a l  Q is requ i red  f o r  
t h e  model s o c i e t y  G .  
5) Cases 5  and 6  do n o t  e x a c t l y  meet t h e  c o n d i t i o n s  
of a  completely c l o s e d  Pu and u~~~ balance ,  b u t  they 
a r e  c l o s e  t o  t h a t .  They were designed t o  have t h e  
same consumption of f o s s i l  f u e l ,  namely 3.97 Q. 
A reduc t ion  from 20 KW/capita t o  10 ~ W / c a p i t a  
i n c r e a s e s  f o r  such f i x e d  consumptions of f o s s i l  
f u e l  t h e  value  of  t from 6 1  t o  82 yea rs ,  and 
E , 1  
r e q u i r e s  on ly  one t h i r d  of  nuc lea r  annual  
i n s t a l l m e n t .  O r  i n  o t h e r  words, such d r a s t i c  
sav ings  of energy p e r  c a p i t a  s t r e t c h e s  t h e  t i m e  
s c a l e  f o r  on ly  21 y e a r s ,  then  wi th  10 KW/capita 
t h e  same problem a r i s e s  a s  i n  t h e  case  of 20 KW/ 
c a p i t a .  I m p l i c i t  i n  t h i s  reasoning i s ,  of course ,  
t h a t  t h e  asymptot ic  scheme of  Figure  1 provides  
wi thou t  d i f f i c u l t i e s  even ve ry  l a r g e  amounts of 
energy. I t  should be kept i n  mind, however, 
t h a t  while the  production i s  n o t  a problem there ,  
the handling o f  energy ( o r  embedding) may very 
w e l l  pose a major problem C131. But t h i s  i s  not  
the  point  o f  t h i s  paper. 
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